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REMARKS 

Before this Amendment, claims 12-24 were pending. By this Amendment, claims 12 and 
20-24 have been canceled without prejudice to the Applicants' right to pursue those claims in 
continuing applications. Accordingly, claims 13-19 are now pending. 

Claims 13-15 have been amended to place those claims into independent form. Claims 
16-19 have been amended so as to depend only from claims 13-15. 

Continuity data 

The specification has been amended to recite continuity data, as requested in the Office 

Action. 

The rejection under 35 U.S.C. §112, first paragraph 

Claims 13-20 were rejected for lack of enablement. 

The Office Action reviewed some of the factors involved in an enablement analysis that 
are discussed in In re Wands, 858 F.2d 731, 8 U.S.P.Q.2d 1400 (Fed. Cir. 1988). According to 
the Office Action, these factors lead to a conclusion of non-enablement 
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The Applicants respectfully disagree with the Office Action's review of certain of the 
Wands factors. It is the Applicants' position that a more accurate consideration of those Wands 
factors would be as follows: 

State of, or the amount of knowledge in, the prior art 

The Office Action, at page 4, stated that "apoptosis is a complex series of cellular 
events." Although not explicitly stated, presumably the Office Action's position is that this 
complexity favors a conclusion that the present claims lack enablement. 

The Applicants do not contest that apoptosis is complex. However, this complexity does 
not favor a conclusion of lack of enablement because it is not necessary to understand the 
complexity of apoptosis in order to practice the claimed invention. It is merely necessary to 
understand how to administer xenon to organs that are to be transplanted or to patients after eye 
laser surgery or patients suffering from sepsis. Since xenon is a substance that is well known to 
have medical uses, methods of administering xenon are well known. Those skilled in the art 
would know how to adapt those methods without undue experimentation in order to administer 
xenon for the purposes recited in the present claims. 

Level or degree of predictability, or lack thereof, in the prior art 

The Office Action, at page 4, stated that "much is left unknown" about apoptosis. 

As for the complexity of apoptosis, the Applicants do not disagree with this, but wish to 
point out that, like the complexity of apoptosis, the fact that much in still unknown about 
apoptosis does not weigh in favor of a conclusion of lack of enablement for the present claims. 

_6- 
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Again, these is no need for those skilled in the art to understand all that is still unknown about 
apoptosis in order administer xenon for the purposes recited in the present claims. 

Amount of guidance or directio n provided by the inventor 

The Office Action, at page 5, stated: "[TJhere is a lack of guidance in the specification as 
to how one would extrapolate the cell based neuroprotection experiments to cellular damage, 
apoptotic cell death after laser eye surgery or protecting against sepsis." 

The Applicants do not agree that there is a lack of guidance in the specification. The 
experiments described in the specification provide sufficient guidance because: 

• The experiments were conducted in a well known model system for apoptosis. 

• The experiments ]demonstrate that xenon almost completely inhibits the activity of caspases 3 
and 7 

• Caspases 3 and 7 have a central role in apoptosis. 

• The effects of xenon were demonstrated in two very different cell types. 

• Xenon completely protected against apoptosis. 

• The cell death that occurs during the circumstances recited in the claims (organ 
transplantation, eye laser surgery, and sepsis) is known to be largely due to apoptosis. 

Staurosporine treatment of tissue culture cells is a well-recognized model system for 
apoptosis 

As disclosed in the specification, at page 11, staurosporine is "generally considered a 
model apoptosis inducer." 
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(B) Induction of apoptosis 

Apoptosis was induced using staurosporine. Staurosporine is an 
antibiotic originally discovered by Oraura et al., J. Antibiot. 
30 (1977), 275. It is generally considered a model apoptosis 
inducer when present in micromolar concentration (Tamabki et 
al., BBRC 135 (1986), 397; Nakano et al., J. Antibiot. 40 
(1987), 706; Ruegg and Burgess, TIPS 10 (1989), 218; Bertrand 
et al., Exp. Cell Res. 211 (1994), 314; KTiesner and Dawson, 
CLAO J. 24 (1996), 1418; Boix et al., Neuropharmacology 3J> 
(1997), 811; Kirsch et al., J. Biol. Chens. 274 £1999), 21155; 
Chae et al., Pharmacol. Res. 42 (2000), 373; Heerdt et al., 
Cancer Res. 60 (2000), 6704; Bijur et al., J. Biol. Chera. 275 

(2000) , 7583? Scarlett et al., FBBS Lett. £75 (2000), 267; 
Tainton et al., BBRC '276 (2000), 231; Tang et al., J. Biol, 
Chem. 275 (2000), 9303; Hill et al., J. Biol. Chem. 276 

(2001) , 25643). Cells were seeded in 24-well plates at 6 days 

See, e.g., Hill et al., 2001, J. Biol. Chem. 276:25643-25646 (Exhibit A), page 25643, 
right column: "Staurosporine has been widely used as an inducer of apoptosis." 

See also Bijur et al., 2000, J. Biol. Chem. 275:7583-7590 (Exhibit B), page 7586, right 
column: "Staurosporine is one of the most commonly used agents to experimentally induce 
apoptosis, and apoptosis occurs in essentially all cell types exposed to appropriate concentrations 
of staurosporine." 



Xenon almos t completely inhibits the activit y of caspas es 3 and 7 

Figure 4 demonstrates that xenon almost completely inhibits the activity of caspases 3 
and 7. Comparison of the fourth bar from the left (representing caspase 3 and 7 activity in the 
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presence of xenon and staurosporine) with the first bar from the left (representing background 
caspase 3 and 7 activity) indicates that xenon prevents the level of caspase 3 and 7 activity after 
treatment with staurosporine from rising more than an insignificant amount above the 
background level. This can be contrasted with the second bar from the left, which shows that 
caspase 3 and 7 activity rises greatly after staurosporine treatment in the absence of xenon. 

14000.. 




Caspases 3 and 7 have a central role in apoptosis 

Caspases, and in particular caspases 3 and 7, are among the key players in apoptosis and 
are responsible for many of the events that occur during programmed cell death. The 
measurement of their activity serves as a biochemical marker for apoptosis. 

See, e.g., Taylor et al, Nature Reviews (Molecular Cell Biology), 2008, 231-241 
(Taylor), page 233: 

Irrespective of the actual route to caspase activation, all pathways lead to the 
activation of the major effector caspases, caspase-3, caspase-6 and caspase-7, and 
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these enzymes carry out much of the proteolysis that is seen during the demolition 
phase of apoptosis. 

See also Taylor, page 236: 

Caspases also target many proteins that are involved in essential housekeeping 
functions within the cell. Proteins that function in transcription (for example, 
nuclear factor of activated T cells (NFAT), nuclear factor-icB (NFkB) p50 and 
p65, and La ribonucleoprotein) and translation (for example, the translation 
initiation factors e!F2a, eIF3, eIF4 and the p-subunit of the nascent polypeptide- 
associated complex (PNAC)) come under caspase-rnediated attack during 
apoptosis and ribosomal RNA is also degraded. Genomic DNA becomes 
extensively hydrolysed and the Golgi, ER and mitochondrial networks undergo 
fragmentation. Indeed, all of the major cell organelles become extensively 
remodelled during and, once again, caspases orchestrate much of this (Fig. 3). 
[citations omitted] 



See also Bijur et al., 2000, J. Biol Chem. 275:7583-7590 (Exhibit B), page 7584, left 
column: "The enzymes that ultimately carry out the command for apoptosis are the cysteine 
proteases known as caspases. . . . [Tjhe measurement of caspase-3 activity can serve as a 
biochemical marker for the execution phase of apoptosis." 



The effects of xenon were demonstrated in two very different cell types 

The present application contains experimental data from cortical neurons and HeLa cells. 
These are two very different types of cells: neurons are derived from brain and HeLa cells were 
obtained from cervical tissue. Yet xenon completely blocked apoptosis in both cell types. See 
Example 2 (neurons) and Example 3 (HeLa cells). That xenon has such dramatic effects in 
widely disparate cell types argues that xenon would be useful for the treatment of apoptosis- 
related conditions in a wide variety of cell types. 
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Xenon, c ompletely protected against apoptosis 



The protective effect of xenon was essentially complete. See Figure 1 (cortical neurons) 
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and Figure 2 (HeLa cells) 
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Cell death that occurs during the circ umstances recited in the claims is known to be 
largely due t o apoptosis 

The death of cells that occurs when tissues or organs are transplanted, after eye laser 
surgery, or during sepsis is largely brought about by apoptosis. See the specification, at pages 3- 
6. 
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The demonstration that xenon blocks two key components of apoptosis and that xenon 
acts on widely different cell types allows for a reasonable expectation that xenon will be useful 
to treat diseases or conditions where aberrant apoptosis is involved, including those recited in the 
present claims. 

In view of the above, it is respectfully requested that this rejection be withdrawn. 

The rejection under 35 U.S.C. $ 102(b) 

Claims 12 and 16-24 were rejected for anticipation in view of International Patent 
Publication WO 00/53192 (the '192 application). 

Claims 12 and 20-24 have been canceled. Claims 16-19 have been amended so as to 
depend from claims 13-15, which were not subjected to this rejection. Accordingly, it is 
respectfully requested that this rejection be withdrawn. 

Claims 12, 16, and 18-23 were rejected for anticipation in view of U.S. Patent No. 
6,274,633 (Franks). 

Claims 12 and 20-23 have been canceled. Claims 16, 18, and 19 have been amended so 
as to depend from claims 13-15, which were not subjected to this rejection. Accordingly, it is 
respectfully requested that this rejection be withdrawn. 
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The time for responding to the Office Action was set for January 8, 2009. Therefore, it is 
believed that this response is timely. If this is in error, please treat this response as containing a 
Petition for the Extension of Time under 37 C.F.R. § 1.136(a) for a period sufficient to permit 
the filing of this paper and charge any corresponding fees to Kenyon & Kenyon's Deposit 
Account No. 11-0600. 

The Applicants hereby make a Conditional Petition for any relief available to correct any 
defect seen in connection with the filing of this paper, or any defect seen to be remaining in this 
application after the filing of this paper. The Commissioner is authorized to charge Kenyon & 
Kenyon's Deposit Account No. 1 1-0600 for the Petition fee and any other fees required to effect 
this Conditional Petition. 

Respectfully Submitted, 

Date: Janu a r y 6, 2009 BY: /Joseph A. Coppola/ 

Joseph A. Coppola 
Reg. No. 38,413 

KENYON & KENYON LLP 
One Broadway 
New York, NY 10004 
(212) 425-7200 (telephone) 
(212) 425-5288 (facsimile) 

CUSTOMER NUMBER 26646 
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Full activation of protein kinase B (PKB, also called 
Akt) requires phosphorylation on two regulatory sites, 
Thr-308 in the activation loop and Ser-473 in the hydro- 
phobic C-terminal regulatory domain (numbering for 
PKBa/Akt-1). Although 3'-phosphoinositide-dependent 
protein kinase 1 (PDK1) has now been identified as the 
Thr-308 kinase, the mechanism of the Ser-473 phospho- 
rylation remains controversial. As a step to further 
characterize the Ser-473 kinase, we examined the effects 
of a range of protein kinase inhibitors on the activation 
and phosphorylation of PKB. We found that staurospo- 
rine, a broad-specificity kinase inhibitor and inducer of 
cell apoptosis, attenuated PKB activation exclusively 
through the inhibition of Thr-308 phosphorylation, with 
Ser-473 phosphorylation unaffected. The increase in 
Thr-308 phosphorylation because of overexpression of 
PDK1 was also inhibited by staurosporine. We further 
show that staurosporine (CGP 39360) potently inhibited 
PDK1 activity in vitro with an IC S0 of -0.22 pun. These 
data indicate that agonist-induced phosphorylation of 
Ser-473 of PKB is independent of PDK1 or PKB activity 
and occurs through a distinct Ser-473 kinase that is not 
inhibited by staurosporine. Moreover, our results sug- 
gest that inhibition of PKB signaling is involved in the 
proapoptotic action of staurosporine. 



Protein kinase B (PKB) 1 is activated by growth factors in a 
phosphoinositide 3-kinase (PI3K)-dependent manner, through 

* This work was supported in part by the Swiss Cancer League (to 
M. M. H., M. A., and B. A. H.), and the Friedrich Miescher Institute is 
supported by the Novartis Research Foundation. The costs of publica- 
tion of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

± Present address: Dept. of Vascular and Metabolic Diseases, F. 
Hoffmann-La Roche AG, CH-4070 Basel, Switzerland. 

11 To whom correspondence should be addressed. Tel.: 41-61-697-40- 
46; Fax: 41-61-697-39-76. 

1 The abbreviations used are: PKB, protein Idnase B; PI3K, phosphoi- 
nositide 3-kinase; PDK1, 3'-phosphoinositide-dependent protein kinase 
lj ILK, integrin-linked kinase; IGF-1, insulin-like growth factor-1; 
HEK, human embryonic kidney; PKC, protein Idnase C; GST, glutathi- 



translocation to the plasma membrane and phosphorylation on 
two regulatory sites, Thr-308 in the activation loop in the 
kinase domain and Ser-473 in the hydrophobic C-terminal reg- 
ulatory domain (1). Phosphorylation on both sites are required 
for full activation of PKB; however, the contribution of each site 
toward PKB activation is not equal. Thus, whereas phospho- 
rylation on Thr-308 alone is able to increase PKB activity, 
phosphorylation on Ser-473 alone does not significantly stim- 
ulate the kinase (1, 2). Although the upstream kinase respon- 
sible for phosphorylation of Thr-308 has been identified as 
3'-phosphoinositide-dependent kinase-1 (PDK1), the identity of 
the Ser-473 kinase has yet to be determined (3, 4). 

Mitogen-activated protein kmase-activated protein kinase-2 
was the first kinase shown to phosphorylate PKBa on Ser-473 
in vitro (1). However, mitogen-activated protein kinase-acti- 
vated protein kinase-2 is unlikely to be the physiological 
Ser-473 kinase as it is activated downstream of p38 mitogen- 
activated protein kinase in response to stress, in a PI3K-inde- 
pendent manner, and inhibition of p38 mitogen-activated 
protein kinase by SB 203580 did not interfere with activation of 
PKB (1). Integrin-linked kinase (ILK) was also shown to phos- 
phorylate Ser-473 on PKBa in vitro, and overexpression of a 
ldnase-inactive ILK inhibited Ser-473 phosphorylation (5). 
However, certain ldnase-inactive ILK mutants also induced 
Ser-473 phosphorylation, suggesting that ILK is unlikely to be 
the direct Ser-473 kinase in vivo (6). Two further candidate 
Ser-473 kinases have been proposed recently, PDK1 (7) and 
PKB itself (8). PDK1, in the presence of a peptide resembling 
the phosphorylated Ser-473 region of PKB, is able to phospho- 
rylate Ser-473, in addition to Thr-308 of PKBa (7). However, 
PDK1 is clearly not the in vivo Ser-473 kinase, as PDKl-null 
embryonic stem cells are impaired in Thr-308 but not Ser-473 
phosphorylation (9). Autophosphorylation was originally ruled 
out, because ldnase-inactive PKBa undergoes insulin-like 
growth factor-1 (IGF-l)-induced phosphorylation at both Thr- 
308 and Ser-473 when overexpressed in human embryonic 
kidney (HEK) 293 cells (1). In contrast to these observations, 
Toker and Newton (8) recently demonstrated that IGF-1 stim- 
ulated phosphorylation of kinase-inactive PKBa on Thr-308 
but not on Ser-473 when overexpressed in the same cells and 
that PKBa is able to autophosphorylate on Ser-473 in vitro (8). 
Thus, it seems possible that agonist-induced Ser-473 phospho- 
rylation may be mediated by PKB itself. 

To further characterize the upstream kinase(s) involved in 
the activation of PKB, we have adopted a pharmacological 
approach by screening for protein kinase inhibitors that differ- 
entially inhibit either Thr-308 or Ser-473 phosphorylation. We 
found that staurosporine, a broad-specificity protein kinase 
inhibitor, attenuated PKB activation specifically through inhi- 
bition of PDK1, with an IC 50 of —0.22 /j.m in vitro. Staurospo- 
rine has been widely used as an inducer of apoptosis; however, 
the cellular target(s) of its proapoptotic action are not known. 
Our data suggest that at least part of the apoptotic effects of 
staurosporine is due to inhibition of PKB signaling. In contrast 
to Thr-308 phosphorylation, insulin-stimulated phosphoryla- 
tion of the Ser-473 site was not reduced by staurosporine treat- 
ment (up to 1 /xm). Taken together, our results suggest that 

one S-transferase; PH, pleckstrin homology; TPA, 12-O-tetradecanoyl- 
phorbol-13-acetate; HA, hemagglutinin; m/p, myristoylated/palmitylated. 
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phosphorylation of PKB on Ser-473 does not occur by autophos- 
phorylation but rather through the action of an upstream ki- 
nase that is resistant to staurosporine and distinct from PDK1. 

EXPERIMENTAL PROCEDURES 

Expression Constructs and Transfection of Cells — Culture and trans- 
fection of HEK293 cells and the expression constructs used in this study 
have been described previously (1, 10-12). 

Recombinant Proteins — Expression and infection of insect Sf9 cells 
have been described previously for PKB and PKC (13, 14). Human 
PDKl-glutathione S-transferase fusion protein (GST-PDK1) was cloned 
in a modified pFastBac vector (Life Technologies, Inc.) and prepared as 
described previously (13). 

Immunoprecipitation, Immunoblotting, and in Vitro Kinase Assays — 
Cell lysis, immunoprecipitation, immunoblotting, and PKB assay using 
Crosstide peptide (GRPRTSSAEG) were performed as described previ- 
ously (11). Phospho-specific PKB antibodies were purchased from Cell 
Signaling Technologies. In addition, we also produced and purified an 
anti-phospho-Ser-473 PKB antibody using the peptide Arg-Pro-His- 
Phe-Pro-Gln-Phe-Ser(P0 3 H 2 )-Tyi--Ser-Ala-Ser (15). Assays for recombi- 
nant PKCa and PKCf have been described previously (14). Recombi- 
nant GST-PDK1 was similarly assayed, using 0.1 mg/ml casein (Sigma) 
as substrate. 

RESULTS 

We have previously reported the characterization of a PKBa 
construct in which the pleckstrin homology (PH) domain was 
replaced by the CI domain of PKC (Cl-PKBa-APH) (11). Cl- 
PKBa-APH translocated to the membrane upon stimulation 
with the phorbol ester 12-0-tetradecanoylphorbol-13-acetate 
(TPA) and was activated and phosphorylated on both Thr-308 
and Ser-473 (11). TPA-stimulated activation of Cl-PKBa-APH 
was inhibited by PI3K inhibitors, as well as the broad range 
protein kinase inhibitor, staurosporine (11). Interestingly, 
whereas the former inhibited phosphorylation on both sites, 
staurosporine treatment specifically attenuated phosphoryla- 
tion on Thr-308 without affecting Ser-473 phosphorylation (11). 

To extend our observations, the effect of a panel of protein 
kinase inhibitors was compared with staurosporine (Fig. 1). 
Staurosporine obtained from Alexis or Novartis (CGP 39360) 
inhibited TPA-stimulated Thr-308 phosphorylation and activa- 
tion of Cl-PKBa-APH, without affecting Ser-473 phosphoryla- 
tion (Fig. IB). CGP 39360 was more potent than staurosporine 
(Alexis), requiring 0.1 and 1 u.m to reduce kinase activity and 
Thr-308 phosphorylation to basal levels, respectively (Fig. IB). 
This difference may be because of improved purity of the chem- 
ical produced by Novartis. The staurosporine derivative CGP 
41251 also inhibited Thr-308 phosphorylation and activation of 
Cl-PKBa-APH but was much less potent than CGP 39360 (Fig. 
IB). The inactive analog of CGP 41251, CGP 42700, had no 
significant effect (Fig. IB). Three other protein kinase inhibitor 
compounds examined (CGP 25956, CGP 45910, and CGP 
57148B) had an inhibitory effect only at concentrations above 
10 pM, where they reduced phosphorylation at both sites to 
below basal levels (Fig. 1C). Notably, an effect of CGP 57148B 
(STI571 or Glivec) was only observed at 40 pM (Fig. 1C). CGP 
57148B is a potent inhibitor of Abl and PDGF receptor tyrosine 
kinases that selectively inhibits the growth of Bcr/Abl-trans- 
formed cells (16) and is now in clinical trials for treatment of 
chronic myeloid leukemia. The effects of CGP 57148B were 
observed concentrations <10 pM, and our results show that it 
does not significantly affect the PDK1/PKB pathway at this 
concentration (Fig. 1C). 

To extend our observations to wild type PKB, we examined 
the effect of staurosporine on insulin-stimulated activation of 
HA-PKBa expressed in HEK293 cells. Staurosporine treat- 
ment inhibited insulin-stimulated HA-PKBa activation in a 
dose-dependent manner, with complete inhibition observed at 1 
pM (Fig. 2A). Similar to Cl-PKBa-APH, this inhibitory effect of 
staurosporine on HA-PKBa activity correlated with an inhibi- 
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FIG. 1. Effect of staurosporine and its derivatives on TPA- 
stimulated activation of Cl-PKBa-APH. HEK293 cells transiently 
transfected with HA-Cl-PKBa-APH were treated with the indicated 
concentration of staurosporine (Stauro) (Alexis), CGP 39360, CGP 
41251, CGP 42700 (B), CGP 25956, CGP 45910, or CGP 57148B/STI571 
(C) for 30 min prior to stimulation with TPA (200 ng/ml; Life Technol- 
ogies, Inc.) for 15 min. HA-Cl-PKBa-APH was immunoprecipitated and 
assayed for kinase activity or analyzed by immunoblotting with phos- 
pho-specific antibodies. Structures of the compounds used are shown 
in A. 



tion of Thr-308 phosphorylation (Fig. 2A). In contrast, phos- 
phorylation on Ser-473 was slightly enhanced with increasing 
concentrations of staurosporine (Fig. 2A). A similar inhibitory 
effect of staurosporine was observed for insulin-stimulated 
Thr-308 phosphorylation of endogenous PKB in HEK293 cells 
(Fig. 2B). Two other modes of PKB activation were also exam- 
ined, coexpression of PDK1 and constitutive membrane target- 
ing. In agreement with previous results (3), coexpression of 
PDK1 with HA-PKBa resulted in a 3-fold increase in basal 
PKBa activity, together with constitutive phosphorylation of 
Thr-308 (Fig. 2C). Treatment with staurosporine reduced Thr- 
308 phosphorylation and kinase activity (Fig. 2C). Interest- 
ingly, overexpression of PDK1 also induced an increase in 
Ser-473 phosphorylation, reaching ~10% of the insulin-stimu- 
lated levels, that was reduced with staurosporine treatment, 
suggesting that it occurs through a mechanism different from 
insulin-stimulated Ser-473 phosphorylation (Fig. 2C). Target- 
ing of PKB to the plasma membrane using the Lck myristoy- 
lation4>almitylation signal (m/p-PKBa) results in the constitu- 
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Fig. 2. Differential effects of staurosporine on PKB phospho- 
rylation induced by insulin, coexpression of PDK1, or mem- 
brane targeting. HEK293 cells were transiently transfected with wild 
type HA-PKBa (A, C, and D), myristoylated/palmitylated HA-PKBa 
(D), and myc-PDKl (C). Cells were treated with the indicated concen- 
tration of staurosporine (Stawo) for 30 min prior to stimulation with 
0.1 uM insulin (Life Technologies, Inc.) for 15 min. HA-PKBa was 
immunoprecipitated and assayed for kinase activity or analyzed by 
immunoblotting with phospho-specific antibodies. The phosphorylation 
status of endogenous PKB was determined by immunoblotting cell 
lysates (20 ug) with phospho-specific antibodies (B). 

tive activation and phosphorylation of PKB (10). In contrast to 
Thr-308 phosphorylation induced by insulin or coexpression of 
PDK1, staurosporine did not reduce Thr-308 phosphorylation 
of m/p-PKBa (Fig. 2D). This observation indicates that dephos- 
phorylation of PKB does not occur readily at the plasma mem- 
brane and that the phosphorylation step is the target of 
staurosporine. 

Staurosporine is a competitive inhibitor that is thought to 
bind in the ATP pocket of target protein kinases (17). The 
observed effect on Thr-308 may occur via direct inhibition of 
PDK1, or staurosporine could bind to PKB, thus blocking the 
access to the phosphorylation site in the catalytic domain. To 
distinguish between these possibilities, we determined the in- 
hibitory profiles of the CGP inhibitor compounds using recom- 
binant GST-PDK1, GST-PKBa, PKCa, and PKCf. CGP 39360 
(staurosporine) was most potent against PKCa (IC 50 < 3 nM) 
but also inhibited PDK1 (IC 50 = 0.22 ± 0.09 um), PKBa (IC 50 = 
0.83 ± 0.19 um), and PKC£ (IC H0 = 1.03 ± 0.37 um) at higher 
concentrations. CGP 41251 selectively inhibited PKCa (IC 50 = 
0.04 ± 0.02 um) and also inhibited PDK1 (IC 50 = 1.72 ± 0.21 
um) but did not have significant effects on PKBa or PKCf (up to 
10 um). These data suggest that the target of staurosporine and 
its derivative CGP 41251 is PDK1 rather than PKB. CGP 
42700, CGP 25956, CGP 45910, and CGP 57148B did not 
inhibit any of the four kinases tested. 

To further examine the regulation of PKB activation by 
upstream kinases, the effect of staurosporine on insulin-stim- 
ulated phosphorylation and activity of kinase-inactive (K179A) 
or phosphorylation-site mutants (T308A and S473A) of PKBa 
was examined (Fig. 3). In agreement with previously reported 
results (1), Thr-308 and Ser-473 phosphorylation occurred in- 
dependently of each other upon insulin stimulation, as ob- 
served in the phosphorylation-site mutants (Fig. 3). In addi- 
tion, the ldnase-inactive mutant (K179A) was phosphorylated 
on both Thr-308 and Ser-473 upon insulin stimulation (Fig. 3). 



1 100 
S 80 
g 60 
°- 40 
20 
0 

Insulin 
Slauro 

pT3D8 

pS473 

HA 



K179A 



T308A S473A 



JUL 



0.1 1 



0.1 1 



0.1 1 



0.1 1 iM 







_..."*"*< .. .. a ... r"if""... 



















FIG. 3. Effect of staurosporine on insulin-stimulated phospho- 
rylation and activation of PKBa mutants. HEK293 cells tran- 
siently transfected with wild type or mutant HA-PKBa were treated 
with 0.1 or 1 uM staurosporine (Stauro) for 30 min prior to stimulation 
with 0.1 fiM insulin for 15 min. HA-PKBa expression was determined by 
blotting with an anti-HA antibody. PKB activity and phosphorylation 
was analyzed as for Fig. 1. 



Staurosporine treatment inhibited insulin-stimulated Thr-308 
phosphorylation on wild type, K179A and S473A PKBa (Fig. 
3), but its effect on Ser-473 phosphorylation of the different 
PKBa constructs was somewhat varied. Staurosporine at 0.1 
and 1 um did not inhibit insulin-stimulated Ser-473 phospho- 
rylation of wild type and T308A-PKBa but even enhanced their 
phosphorylation, which was more readily observed in the 
T308A mutant (Fig. 3). Interestingly, insulin-stimulated Ser- 
473 phosphorylation of ldnase-inactive PKBa was inhibited by 
staurosporine at 1 uM but not at 0.1 um (Fig. 3). As staurospo- 
rine is a broad specificity kinase inhibitor, it is possible that 
complex effects are observed because of inhibition of numerous 
kinases/pathways at higher doses. 

DISCUSSION 

Phosphorylation at Thr-308 and Ser-473 is required for full 
activation of PKBa. Although the Thr-308 kinase has been 
identified (PDK1), the Ser-473 kinase remains elusive. Most 
recently, it has been suggested that autophosphorylation may 
be the mechanism by which PKB is phosphorylated on Ser-473 
and that the previously reported phosphorylation of lrinase- 
deficient PKB at this site is due to the activity of endogenous 
PKB (8). Our previous results with m/p-PKBa (10) and Cl- 
PKBa-APH (11) suggest that both upstream kinases are pres- 
ent in a constitutively active form at the plasma membrane. As 
PKB is present largely in the cytosol prior to stimulation, it 
seems unlikely that PKB itself is the physiological Ser-473 
kinase. More directly, here we show that pretreatment with 1 
um staurosporine abolished insulin-stimulated PKB activation 
of both transiently expressed and endogenous PKB, without 
affecting Ser-473 phosphorylation (Fig. 2). In addition, using 
phospho-specific antibodies, we have confirmed our previous 
results (1) that kinase-inactive PKBa can be phosphorylated on 
both Thr-308 and Ser-473 in response to insulin (Fig. 3). Taken 
together, these data do not support the hypothesis that phos- 
phorylation on Ser-473 occurs via autophosphorylation or 
trans-phosphorylation. Bather, it confirms the existence of a 
distinct Ser-473 ldnase that is constitutively active at the 
plasma membrane of quiescent cells. 

One kinase that fulfills the above criteria is PDK1. Indeed, 
PDK1 has the ability to phosphorylate PKBa on Ser-473 in the 
presence of an exogenous peptide that resembles phosphoryl- 
ated Ser-473 (7). However, PDK1 is not the physiological Ser- 
473 kinase, because PDKl-null embryonic stem cells are not 
impaired in Ser-473 phosphorylation in response to IGF-1 (9), 
and staurosporine inhibits PDK1 activity without affecting 
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insulin-stimulated Ser-473 phosphorylation (Fig. 2). Interest- 
ingly, overexpression of PDK1 in HEK293 cells not only in- 
duced constitutive phosphorylation of PKB at Thr-308 but also 
caused a slight elevation of Ser-473 phosphorylation (Fig. 2C). 
In this case, however, Ser-473 phosphorylation is dependent on 
PDK1 activity, as it is attenuated by staurosporine treatment 
(Fig. 2C), and overexpression of a Mnase-inactive PDK1 mu- 
tant did not increase basal Ser-473 phosphorylation in HEK293 
cells (data not shown). Thus, although PDK1 is not the physi- 
ological Ser-473 kinase, it likely plays a role in Ser-473 phos- 
phorylation, with the nature of tins interaction yet to be 
defined. 

ILK has recently come to attention as a prime candidate 
kinase for Ser-473 phosphorylation (5). According to our obser- 
vations, the Ser-473 kinase should be staurosporine-resistant. 
Unfortunately, we were unable to determine the effect of stau- 
rosporine on ILK as we have not been able to detect any 
significant kinase activity of overexpressed or endogenous ILK 
by autophosphorylation or on myelin basic protein (data not 
shown). Intriguingly, ILK possesses a hydrophobic motif simi- 
lar to the Ser-473 site, and when this serine was mutated to an 
acidic residue to mimic phosphorylation, the ability of a kinase- 
inactive ELK to induce Ser-473 phosphorylation was rescued 
(6). It was recently shown that the hydrophobic phosphoryla- 
tion site in p90 ribosomal S6 kinase acts as a docking site for 
the recruitment of PDK1 (18). Thus, it is possible that ILK 
mediates the colocalization of PKB with PDK1 and the Ser-473 
kinase. 

Staurosporine exhibits anti-proliferative properties on a 
wide range of mammalian cells, and its derivatives UCN-01, 
CGP 41251, Eo 31-8220, and PKC412 (19-22) are being ex- 
amined as potential therapeutic agents for the treatment of 
cancer. Despite the common use of staurosporine as an inducer 
of apoptosis, the direct cellular target of staurosporine is not 
known. Our finding that staurosporine inhibits PDK1 activity 
raises the possibility that staurosporine and its derivatives 
may induce apoptosis by interfering with survival signaling 
mediated by PDK1. Indeed, it was recently shown that reduc- 
tion of PDK1 expression by antisense oligonucleotides induced 
apoptosis (23). Apart from PKB, PDK1 also phosphorylates and 
activates other kinases that are involved in cell survival, in- 
cluding p70 ribosomal S6 kinase (12), p90 ribosomal S6 kinase 

(24) , and serum- and glucocorticoid-inducible protein kinase 

(25) . Thus the mechanisms of staurosporine-induced apoptosis 
needs to be readdressed in light of its effects on PDKL activity. 

In summary, we have demonstrated that staurosporine at- 
tenuates PKB activation through direct inhibition of PDK1 



activity, without affecting insulin-stimulation of Ser-473 phos- 
phorylation. These results strongly suggest that insulin-stim- 
ulated phosphorylation on Ser-473 is not dependent on the 
activity of PDK1 or PKB. Our data is consistent with a model in 
which phosphorylation on Thr-308 and Ser-473 occurs via two 
distinct upstream kinases that are constitutively active at the 
plasma membrane, and of these, only the Ser-473 kinase is 
staurosporine-resistant. 

REFERENCES 

1. Alessi, D. R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Cohen, P., 

and Hemmings, B. A. (1996) EMBO J. 15, 6541-6551 

2. Bellacosa, A., Chan, T. 0., Ahmed, N. N., Datta, K, Malstrom, S., Stokoe, D., 

McCormick, F., Feng, J., and Tsichlis, P. (1998) Oncogene 17, 313-325 

3. Alessi, D. R., James, S. R, Downes, C. P., Holmes, A. B., Gaflhey, P. R, Reese, 

C. B., and Cohen, P. (1997) Curr. Biol. 7, 261-269 

4. Stokoe, D., Stephens, L. R, Copeland, T., Gaflhey, P. R., Reese, C. B., Painter, 

G. F., Holmes, A. B., McCormick, F., and Hawkins, P. T. (1997) Science 217, 
567-570 

5. Delcommenne, M., Tan, C, Gray, V., Rue, L., Woodgett, J., and Dedhar, S. 

(1998) Proc. Natl. Acad. Sci. U. S. A. 95, 11211-11216 

6. Lynch, D. K., Ellis, C. A., Edwards, P. A., and Hiles, I. D. (1999) Oncogene 18, 

8024-8032 

7. Balendran, A., Casamayor, A., Deak, M., Paterson, A., Gaflhey, P., Currie, R, 

Downes, C. P., and Alessi, D. R. (1999) Curr. Biol. 9, 393-404 

8. Toker, A., and Newton, A. C. (2000) J. Biol Chcm. 275, 8271-8274 

9. Williams, M. R, Arthur, J. S., Balendran, A., van der Kaay, J., Poli, V., Cohen, 

P., and Alessi, D. R. (2000) Curr. Biol. 10, 439-448 

10. Andjelkovic, M„ Alessi, D. R, Meier, R, Fernandez, A., Lamb, N. J., Freeh, M., 

Cron, P., Cohen, P., Lucocq, J. M., and Hemmings, B. A. (1997) J. Biol. 
Chem. 272, 31515-31524 

11. Andjelkovic, M., Maira, S. M., Cron, P., Parker, P. J., and Hemmings, B. A. 

(1999) Mol. Cell. Biol. 19, 5061-5072 

12. Pullen, N„ Dennis, P. B., Andjelkovic, M., Dufner, A., Kozma, S. C, 

Hemmings, B. A., and Thomas, G. (1998) Science 279, 707-710 

13. Fabbro, D., Batt, D., Rose, P., Schacher, B., Roberts, T. M., and Ferrari, S. 

(1999) Protein Expression Purif. 17, 83-88 

14. Geiges, D., Meyer, T., Marte, B., Vanek, M., Weissgerber, G., Stabel, S., 

Pfeilschifter, J., Fabbro, D., and Huwiler, A. (1997) Biochem. Pharmacol. 
53, 865-875 

15. Hill, M. it, and Hemmings, B. A. (2001) Methods Enzymol. 345, in press 

16. Druker, B. J.,Tamura, S., Buchdunger, E., Ohno, S., Segal, G. M., Fanning, S., 

Zimmermann, J., and Lydon, N. B. (1996) Nat. Med. 2, 561-566 

17. Toledo, L. M., Lydon, N. B., and Elbaum, D. (1999) Curr. Med. Chem. 6, 

775-805 

18. Frodin, M., Jensen, C. J., Merienne, K., and Gammeltoft, S. (2000) EMBO J. 

19 2924—2934 

19. Shao,'R. G., Shimizu, T., and Pommier, Y. (1997) Exp. Cell. Res. 234, 388-397 

20. Begemann, M., Kashimawo, S. A., Lunn, R M., Delohery, T., Choi, Y. J., Kim, 

S., Heitjan, D. F., Santella, R. M., Schiff, P. B., Bruce, J. N., and Weinstein, 
I. B. (1998) Anticancer Res. 18, 3139-3152 

21. Begemann, M., Kashimawo, S. A., Heitjan, D. F., Schiff, P. B., Bruce, J. N., and 

Weinstein, I. B. (1998) Anticancer Res. 18, 2275-2282 

22. Fabbro, D., Ruetz, S., Bodis, S., Pruschy, M., Csermak, K., Man, A., 

Campochiaro, P., Wood, J., O'Reilly, T., and Meyer, T. (2000) Anticancer 
DrugDes. 15, 17-28 

23. Flynn, P., Wongdagger, M., Zavar, M., Dean, N. M„ and Stokoe, D. (2000) 

Curr. Biol. 10, 1439-1442 

24. Jensen, C. J., Buch, M. B., Krag, T. O., Hemmings, B. A., Gammeltoft, S., and 

Frodin, M. (1999) J. Biol. Chem. 274, 27168-27176 

25. Park, J., Leong, M. L., Buse, P., Maiyar, A. C, Firestone, G. L., and 

Hemmings, B. A. (1999) EMBO J. 18, 3024-3033 



D 

1 



3 



D 

CD 

s 

3 
cr 

CD 



The Journal of Biological Chemistry Vol. 275, No. 11, Issue of March 17, pp. 7S83-7590, 2000 

© 2000 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in tf.SA. 



Glycogen Synthase Kinase-3/3 Facilitates Staurosporine- and 
Heat Shock-induced Apoptosis 

PEOTECTION BY LITHIUM* 

(Received for publication, October 8, 1999, and in revised form, November 23, 1999) 

Gautam N. Bijur, Patrizia De Sarno, and Richard S. Jopet 

From the Department of Psychiatry and Behavioral Neurobiology, University of Alabama, 
Birmingham, Alabama 35294-0017 



The potential role of glycogen synthase kinase-3/3 in 
modulating apoptosis was examined in human SH-SY5Y 
neuroblastoma cells. Staurosporine treatment caused 
time- and concentration-dependent increases in the ac- 
tivities of caspase-3 and caspase-9 but not caspase-1, 
increased proteolysis of poly(ADP-ribose) polymerase, 
and induced morphological changes consistent with ap- 
optosis. Overexpression of glycogen synthase kinase-3/3 
to levels 3.5 times that in control cells did not alter basal 
indices of apoptosis but potentiated staurosporine-in- 
duced activation of caspase-3, caspase-9, proteolysis of 
poly(ADP-ribose) polymerase, and morphological 
changes indicative of apoptosis. Inhibition of glycogen 
synthase kinase-3/3 by hthium attenuated the enhanced 
staurosporine-induced activation of caspase-3 in cells 
overexpressing glycogen synthase kinase-3/3. In cells 
subjected to heat shock, caspase-3 activity was more 
than three times greater in glycogen synthase Mnase- 
3/3-transfected than control cells, and this potentiated 
response was inhibited by lithium treatment. Thus, gly- 
cogen synthase kinase-3/3 facilitated apoptosis induced 
by two experimental paradigms. These findings indicate 
that glycogen synthase kinase-3/3 may contribute to pro- 
apoptotic-signaling activity, that inhibition of glycogen 
synthase kinase-3/3 can contribute to anti-apoptotic-sig- 
naling mechanisms, and that the neuroprotective ac- 
tions of lithium may be due in part to its inhibitory 
modulation of glycogen synthase kinase-3/3. 



Glycogen synthase kinase-3 (GSK-3) 1 was initially identified 
as a kinase that phosphorylates glycogen synthase (1). Subse- 
quent studies have demonstrated that GSK-3 surpasses this 
function and plays a broad role in cellular metabolism, includ- 
ing contributions to signaling activities, growth, and differen- 
tiation (2). GSK-3/3 has been shown to phosphorylate numerous 
substrates, mcluding several transcription factors such as 
c-jun, c-myc (3-5), and heat shock factor-1 (6), cytoskeletal 
proteins such as the microtubule-associated protein tau (7, 8), 
and the multifunctional protein /3-catenin (9). Thus it is now 
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evident that the activity of GSK-3/3 influences a wide variety of 
cellular functions, including multiple signaling systems. 

Much still remains to be learned about the regulation of 
GSK-3 J3 activity and its role as a modulator of signaling cas- 
cades that determine cell fate. Although often considered to be 
a constitutively active enzyme, GSK-3/3 can be both activated 
and inhibited. Activation has been shown to occur subsequent 
to phosphorylation of Tyr 216 (10) and recently by transient 
increases in intracellular calcium (11). Inhibition of GSK-3/3 
can be induced by activation of the Wnt pathway (12) or by 
agents that activate a signaling cascade that commences when 
growth factors or insulin bind to their respective receptors (see 
Ref. 13 for review), resulting in the recruitment and activation 
of phosphatidylinositol 3-kinase. Activated phosphatidylinosi- 
tol 3-kinase catalyzes the production of phosphatidylinositol 
3,4,5-trisphosphate, which binds the pleckstrin homology do- 
main of AM (also known as protein kinase B) to bring it into 
close proximity with phosphoinositide-dependent kinase-1. The 
juxtaposition of phosphoinositide-dependent kinase-1 to Akt on 
the membrane facilitates the phosphorylation and activation of 
Akt by phosphoinositide-dependent kinase-1 (14). Subse- 
quently, Akt dissociates from the membrane and can phospho- 
rylate Ser 9 of GSK-3/3, which inhibits its activity (15). Activa- 
tion of the phosphatidylinositol 3-kmase/Akt-signaling 
pathway protects cells from pro-apoptotic stimuli as well as 
reducing the activity of GSK-3/3. For example, activators of 
phosphatidylinositol 3-kinase and Akt, such as insulin-like 
growth factor-1, platelet-derived growth factor (16, 17), and 
interleukin-2 (18) and -3 (19, 20), protect cells from a variety of 
apoptotic insults. Thus, the signaling mechanism that is asso- 
ciated with inhibition of GSK-3/3 is also associated with anti- 
apoptotic outcomes. Akt-mediated cell protection has been at- 
tributed to processes other than inhibition of GSK-3J3, such as 
by phosphorylation of the proapoptotic Bel family member Bad 
(21) or by preventing the release of cytochrome c from mito- 
chondria (22), but it is not known whether or not inhibition of 
GSK-3/3 contributes to the anti-apoptotic effects of Aid activity. 
There is some evidence of the converse, that activation of 
GSK-3/3 contributes to pro-apoptotic signaling, as it was re- 
cently found that overexpression of GSK-3/3 in Rat-1 and PC12 
cells stimulated apoptosis (23). Considering the potentially im- 
portant role of GSK-3/3 in regulating apoptosis, it was of great 
interest to note that lithium was recently discovered to inhibit 
of GSK-3J3 (24, 25). Lithium is used therapeutically for the 
treatment of bipolar disorder, and although it has been used in 
the psychiatric domain for many years, its influences at the 
biochemical level are only beginning to be elucidated (26). One 
of the most intriguing findings is that lithium confers protec- 
tion to neurons against pro-apoptotic stimuli such as gluta- 
mate-induced excitotoxicity (27), C2-ceramide (28), radiation 
(29), and ischemia (30). Taken together, these findings raise 
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the possibilities that GSK-3|3 contributes to apoptotic-signaling 
cascades and that inhibition of GSK-3/3 contributes to the neu- 
roprotective properties of lithium. 

The enzymes that ultimately carry out the command for 
apoptosis are the cysteine proteases known as caspases. 
Caspases, which are zymogens, are typically cleaved autocata- 
lytically or by other caspases from inactive procaspase proteins 
to produce activated enzymes (31, 32). Caspase-3, also called 
CPP32, is activated by many pro-apoptotic stimuli and is an 
early step in the execution phase of apoptosis (33). The activa- 
tion of caspase-3 commences after apoptotic signals induce the 
release of cytochrome c from the mitochondrial intermembrane 
space (34), which subsequently associates with apoptotic pro- 
tease-activating factor-1 and procaspase-9 to fonn the "apopto- 
some" (35). This complex formation stimulates the oligomeriza- 
tion of procaspase-9 and its autocatalytic activation. The effect 
of caspase-9 activity is the proteolytic activation of downstream 
caspases such as caspase-3 (36), which in turn proteolyzes the 
DNA-binding protein poly(ADP-ribose) polymerase (PARP) 
(37) and other proteins. Hence the measurement of caspase-3 
activity can serve as a biochemical marker for the execution 
phase of apoptosis. 

The goal of this investigation was to test if GSK-3/3 activity 
modulates apoptosis using the neuronal model system of hu- 
man neuroblastoma SH-SY5Y cells. Apoptosis was generated 
using staurosporine, which previously has been demonstrated 
to induce apoptosis in these and other cells (38-40), and heat 
shock, a method widely used to cause cell stress (41, 42). 
GSK-3/3 activity was increased by overexpression, and GSK-3/3 
activity was decreased by using lithium. The results show that 
overexpression of GSK-3/3 alone did not induce apoptosis, but it 
sensitized cells to apoptosis caused by exposure to staurospo- 
rine or to heat shock, and that inhibition of GSK-3/3 by lithium 
attenuated activation of caspase-3. 

EXPERIMENTAL PROCEDURES 

Cell Culture and Transfection of Cells— Human neuroblastoma SH- 
SY5Y cells were grown in continuous culture RPMI media (Cellgro, 
Herndon, VA) containing 10% horse serum (Life Technologies), 5% fetal 
clone II (Hyclone, Logan, UT), 2 mM L-glutamine, 100 units/ml penicil- 
lin, and 100 /xg/ml streptomycin. Stably transfected cells were main- 
tained with transfection-maintenance medium that contained 100 
fig/ml G418 (Geneticin); other components were the same as continuous 
culture media. Cells were maintained in humidified, 37 °C incubators 
with 5% C0 2 . Cells were plated at a density of 10 6 cells/60-mm dish 48 h 
before apoptosis-inducing treatments. 

For stable transfection, SH-SY5Y cells were replated one day before 
electroporation. The cells were removed from the dish with continuous 
culture medium containing 0.05% of trypsin, diluted with continuous 
culture medium, and centrifuged for 5 min at 250 x g. Cells were 
washed, resuspended in 1 ml HBPKS buffer (0.14 M NaCl, 25 mM 
HEPES, 0.075 mM Na 2 HPO.„ pH was adjusted to 7.05 with 10 M NaOH), 
and incubated with 10 /xg of HA-GSK-30 in pcDNA3.1 (generously 
provided by Dr. J. R. Woodgett, University of Toronto) on ice for 10 min. 
Electroporation was carried out with a Bio-Rad Pulse II electroporator 
set at 0.25 kV and 960 microfarads as described previously (43). After 
electroporation, cells were incubated on ice for 10 min and then mixed 
with 10 ml of continuous culture medium and plated onto a 100-mm 
Corning dish. After 48 h the medium was replaced with transfection- 
maintenance medium, and the cells were maintained in transfection- 
maintenance medium for approximately 1 month until only cells resist- 
ant to Geneticin survived. Cells were cloned and screened for expression 
ofHA-GSK-3j3. 

Collection of Lysates— -For immunoblotting, cells in 60-mm plates 
were washed twice with phosphate-buffered saline and were lysed with 
100 jil of lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 
2 mM EGTA, 1 mM sodium orthovanadate, 100 uM phenylmethylsulfo- 
nyl fluoride, 10 /xg/ml leupeptin, 10 ug/ml aprotinin, 5 /ig/ml pepstatin, 
and 0.2% Nonidet P-40). For caspase activity, cells were lysed with 100 
M-l of lysis buffer without sodium orthovanadate. The lysates were 
collected in microcentrifuge tubes, sonicated, and centrifuged. Protein 



concentrations in the supematants were determined using the bicin- 
choninic acid (BCA) method (Pierce). The lysates were stored at -80 °C 
until used either for immunoblotting or measuring caspase activity. 

Immunoblotting — Cell lysates were mixed with Laemmli sample 
buffer (2% SDS) and placed in a boiling water bath for 5 min. Proteins 
were separated in 8% SDS-polyacrylamide gels for immunoblotting 
GSK-3/3 and caspase-9 or in 7.5% and 10% SDS-polyacrylamide gels for 
immunoblotting PARP and caspase-3, respectively. The proteins were 
transferred to nitrocellulose. Blots were probed with antibodies to GSK- 
3/3, caspase-3, caspase-9, or PARP (PharMingen/Transduction Labora- 
tories San Diego, CA) followed by incubation with horseradish peroxi- 
dase-conjugated secondary antibody. Blots were developed using 
peroxidase substrate chemiluminescence (Kirkegaard & Perry, Gaith- 
ersburg, MD) and analyzed by Phospholmager (Molecular Dynamics). 

GSK-3p Activity — The activity of GSK-3/3 was measured essentially 
as described previously (44, 45). Cells were lysed in immunoprecipita- 
tion lysis buffer (20 mM Tris, pH 7.5, 0.2% Nonidet P-40, 150 mM NaCl, 
2 mM EDTA, 2 mM EGTA, 1 mM sodium orthovanadate, 100 jum phen- 
ylmethylsulfonyl fluoride, 10 jug/ml leupeptin, 10 /ig/ml aprotinin, 5 
jig/ml pepstatin, 1 nM okadaic acid, 100 mM sodium fluoride, and 1 
mg/ml glycogen). The lysates were sonicated in microcentrifuge tubes 
for 10 s on ice and centrifuged at 20,800 X g for 15 min. After the 
protein concentration was determined, 100 jug of protein (1 /ig//il) was 
precleared with 40 /J of protein G-Sepharose beads for 3 h at 4 °C, then 
incubated with 2 ug of monoclonal GSK-3/3 antibody (Pharmingen/ 
Transduction Laboratories) overnight at 4 °C with gentle agitation. The 
immobilized immune complexes were washed three times with immu- 
noprecipitation lysis buffer and once with 20 mM Tris, pH 7.5, 5 mM 
MgCl 2 , 1 mM dithiothreitol. Kinase activity was assayed in a total 
volume of 15 u\ of kinase buffer containing 20 mM Tris, pH 7.5, 5 mM 
MgCl 2 , 1 mM dithiothreitol, 250 mm ATP, 1.4 ixCi of [7- 32 P]ATP, and 100 
MM phosphoglycogen synthase peptide-2 (YRRAAVPPSPSLSRH- 
SSPHQSEDEEE) (Upstate Biotechnology, Inc., Lake Placid, NY). Gly- 
cogen synthase (Ala21) peptide-2 was used as negative control. The 
samples were incubated at 30 °C for 30 min, the reaction tubes were 
centrifuged for 1 min, and triplicate 5-m-I aliquots of reaction supema- 
tants were spotted onto 1 cm x 2 cm P81 filter paper. The filter papers 
were washed 4 times in 0.5% phosphoric acid for a total time of 1 h, 
rinsed in 95% ethanol, air-dried, and counted in a liquid scintillation 
counter. The efficiency of GSK-3/3 immunoprecipitation was determined 
by immunoblotting for GSK-3/3. 

Caspase Activity — Fluorometric assays were conducted in 96-well 
clear-bottom plates, and all measurements were carried out in triplicate 
wells. To each well 200 jil of assay buffer (20 mM HEPES, pH 7.5, 10% 
glycerol, 2 mM dithiothreitol) was added. Peptide substrates for 
caspase-3 (Ac-DEVD-AMC), caspase-9 (Ac-LEHD-AMC), or caspase-1 
(Ac-YVAD-AMC) (Alexis Biochemicals, San Diego, CA) were added to 
each well to a final concentration of 25 ng/td. When the caspase-3 
inhibitor (Ac-DEVD-CHO) was used, it was added at a concentration of 
2.5 ng/ul immediately before the addition of the caBpase-3 substrate. 
Cell lysates (20 iig of protein) were added to start the reaction. Back- 
ground fluorescence was measured in wells containing assay buffer, 
substrate, and lysis buffer without the cell lysate. Assay plates were 
incubated at 37 °C for 1 h for measurement of caspase-3 and 3 h for 
measurement of caspase-1 and caspase-9, based on preliminary meas- 
urements of the time course (0.5 to 6 h) of caspase activities. Fluores- 
cence was measured on a fluorescence plate reader (Bio-Tek, Winooski, 
VT) set at 360 nm excitation and 460 nm emission. Caspase activity was 
calculated as ((mean AMC fluorescence from triplicate wells) - (back- 
ground fluorescence))/iig of protein. 

Nuclear Staining— Cells were cultured on poly-D-lysine-coated glass 
coverslips placed in 35-mm culture plates. After treatments, medium 
was removed, and the cells were fixed in 2% paraformaldehyde for 1 h 
at room temperature. After two washes with phosphate-buffered saline, 
cells were stained with 10 ng/id Hoechst 33342 (Molecular Probes, 
Eugene, OR) for 1 h at room temperature. The coverslips were rinsed 
twice with phosphate-buffered saline and then mounted onto glass 
slides using Immu-Mount (Shandon, Pittsburgh, PA). The slides were 
examined by fluorescence microscopy (Nikon) set at 400 X magnifica- 
tion. To score the number of cells exhibiting apoptotic morphology, a 
minimum of 300 cells were counted/coverslip. 

RESULTS 

Induction of Caspase-3 Activity and Apoptosis — SH-SY5Y 
cells were treated with staurosporine and then examined for 
characteristics associated with apoptosis, including activation 
of caspases, proteolysis of PARP, and changes in cellular mor- 
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Fig. 1. Staurosporine-induced apoptosis. SH-SY5Y cells were treated with 0.1, 0.25, 0.5, 0.75, or 1 hm staurosporine for 3 h (A) or with 0.5 
/iM staurosporine for 1-5 h (B). Caspase-3 activity in cell lysates was measured with DEVD-AMC, a caspase-3 substrate, (A) or with DEVD-AMC 
with or without DEVD-CHO, a caspase-3 inhibitor, as described under "Experimental Procedures" (B). C, caspase-9 and caspase-1 activities in cell 
lysates were measured with LEHD-AMC, a caspase-9 substrate, or with YVAD-AMC, a caspase-1 substrate. Values are expressed as a percent of 
caspase activity in untreated cells. Means ± S.E., n = 3 experiments; *p < 0.05 (ANOVA) compared with untreated cells. D, PARP proteolysis was 
measured in cell lysates by immunoblot analysis. E, apoptotic morphology was examined with Hoechst 33342 stain of untreated cells and cells 
treated with 0.5 im staurosporine for 8 h. A representative section is shown at 400X magnification. 



phology. Caspase-3 activity increased concentration depend- 
ency after treatment with 0.1 to 1 /am staurosporine (Fig. 1A). 
Examination of the time-dependent activation of caspases in- 
duced by 0.5 /am staurosporine revealed that caspase-3 activity 
began to increase approximately 1 h after staurosporine treat- 
ment and reached maximum activation after 4-5 h (Fig. IB). 
The specificity of the caspase-3 assay was confirmed by the use 
of a caspase-3 inhibitor, which resulted in the complete inhibi- 
tion of caspase-3 activity. Caspase-9 and caspase-1 were also 
evaluated to test if other caspases were activated by stauros- 
porine treatment. Caspase-9 activity began to increase after 1 h 
of staurosporine treatment and reached a maximum within 3 h 
(Fig. 1C), but caspase-1 was not activated. The time-dependent 
proteolytic cleavage of PARP to the 85-kDa fragment after 
treatment with 0.5 /am staurosporine corresponded to the time- 
dependent activation of caspase-3 (Fig. ID). Exa m ination of 
cells treated with 0.5 /am staurosporine for 8 h and stained with 
Hoechst 33342 revealed the characteristic morphology associ- 
ated with apoptosis, such as nuclear condensation and cell 
shrinkage (Fig. IE). 

Effect of Modulating GSK-3p on Staurosporine-induced 
Caspase-3 Activation — To test the hypothesis that GSK-3/3 fa- 
cilitates apoptosis, SH-SY5Y cells were transfected with HA- 
tagged GSK-3j3, and several stable cell lines were established. 
Fig. 2 shows the levels of GSK-3/3, procaspase-3, and pro- 
caspase-9 in untransfected control cells, vector-transfected 
cells, and four cell lines of HA-GSK-3j8-overexpressing cells. 
Two bands are evident on the GSK-3/3 immunoblots because 
HA-GSK-3/3 migrates slower than endogenous GSK-3/3 due to 
the HA-tag (Fig. 2A). In these four cell lines total GSK-3/3 
averaged 347% ± 7% and 379% ± 7% of the GSK-3/3 in un- 



transfected cells and vector-transfected cells, respectively (Fig. 
2B). The activity of GSK-3/3 was also measured in each cell line 
(Fig. 2C). In the four GSK-3/3-transfected cell lines, GSK-3/3 
activity averaged 327% ± 57% and 349% ± 61% of the GSK-3/3 
in untransfected and vector-transfected cells, respectively. In 
GSK-3/3-overexpressing cells, the levels of procaspase-3 aver- 
aged 90% ± 11% and 113% ± 13% (Fig. 2B), and the level of 
procaspase-9 averaged 111% ± 10% and 95% ± 9% that of the 
levels of these caspases in untransfected cells and vector-trans- 
fected cells, respectively. Further experiments were carried out 
using cell line 7, and results were confirmed using the other 
three HA-GSK-3/3-expressing cell lines. 

The staurosporine concentration-dependent activation of 
caspase-3 was measured 3 h after treatment in vector-trans- 
fected cells and in the four subclones of HA-GSK-3/3-trans- 
fected cells. Basal caspase-3 activities in vector- and HA-GSK- 
3/3-transfected cells were not different from control SH-SY5Y 
cells. In vector-transfected cells, activation of caspase-3 by 
staurosporine (Fig. 3A) was equivalent to that obtained in 
untransfected SH-SY5Y cells (Fig. 1). In marked contrast, over- 
expression of HA-GSK-3/3 greatly potentiated staurosporine- 
induced activation of caspase-3 in all four cells lines overex- 
pressing GSK-3/3. The caspase-3 activity in HA-GSK-3/3- 
transfected cells averaged 280% and 250% of that in vector- 
transfected cells after treatment with 0.1 and 0.5 /am 
staurosporine, respectively (Fig. 3A). Furthermore, caspase-9 
activity in HA-GSK-3jS-transfected cells averaged 180% and 
245% of that in vector-transfected cells after treatment with 0.1 
and 0.5 /am staurosporine, respectively (Fig. 3B). The potenti- 
ation of staurosporine-induced caspase-3 activity by GSK-3/3 
overexpression was confirmed by a greater degree of PARP 
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Fig. 2. GSK-3/3 overexpressicra in SH-SY5Y cells. Proteins from 
control SH-SY5Y cells, from vector-transfected SH-SY5Y cells, or four 
different clones of SH-SY5Y cells stably transfected with HA-GSK-3/3 
were immunoblotted for GSK-3/3, procaspase-3, or procaspase-9 (A), and 
protein bands were quantitated and are expressed as the percent of 
levels in control SH-SY5Y cells (S). Values are the average of a mini- 
mum of two experiments. C, GSK-30 activity was measured as de- 
scribed under "Experimental Procedures." Values are the means ± S.D. 
of the GSK-30 activity in control, untransfected cells (100% represents 
11,747 cpm) of triplicate measurements. The inset shows immunoblots 
of GSK-3/3 immunoprecipitated from each cell line. 



proteolysis (Fig. 3C) and greater numbers of cells exhibiting 
apoptotic morphology (Fig. 3, D and E). These results indicate 
that overexpression of HA-GSK-3/3 increases the sensitivity of 
cells to staurosporine-induced apoptosis. 



Lithium Attenuates Staurosporine-induced Caspase-3 Acti- 
vation — Cells were pretreated with lithium to inhibit GSK-3/3 
to test if inhibition of GSK-3/3 attenuates staurosporine-in- 
duced activation of caspase-3 in control or HA-GSK-3/3-trans- 
fected cells. The large differences in the concentration of stau- 
rosporine that activated caspase-3 in control and HA-GSK-3/3- 
transfected cells made it necessary to use different protocols for 
each cell line, so caspase-3 was measured in untransfected cells 
4 h after treatment with 0.5 jmti staurosporine and in HA-GSK- 
3/3-transfected cells 3 h after treatment with 0.1 jam staurospo- 
rine. Untransfected SH-SY5Y cells were pretreated with 1.25, 
2.5, and 5 mM lithium for 24 h and then treated with 0.5 jum 
staurosporine for 4 h. Pretreatment of control SH-SY5Y cells 
with 5 mM lithium significantly decreased staurosporine-in- 
duced caspase-3 activity by 28% (Fig. 4A). HA-GSK-3j3-trans- 
fected cells were pretreated for 24 h (Fig. 4B) or were treated 
chronically for 7 days (Fig. AC) with 1.25, 2.5, or 5 mM lithium. 
Pretreatment for 24 h with 5 mM lithium significantly reduced 
the staurosporine-induced caspase-3 activity by 40%. Chronic 
treatment with 1.25, 2.5, and 5 mM lithium resulted in reduc- 
tions of 23%, 31%, and 65%, respectively, of caspase-3 activity 
induced by staurosporine. These results demonstrate that the 
facilitatory effect of GSK-3/3 on staurosporine-induced 
caspase-3 activity is attenuated by lithium. 

GSK-3P Potentiates Heat Shock-induced Activation of 
Caspase 3 — To test if the potentiation by HA-GSK-3/3 and 
attenuation by lithium of caspase-3 activation occur with an- 
other apoptotic paradigm, the effects of these treatments were 
measured in cells subjected to heat shock (30 min at 45 °C) 
followed by incubation at 37 °C, a model widely used to study 
the responses of cells to stress (41, 42). In vector-transfected 
cells caspase-3 activity increased to 425% and 975% that of the 
basal activity following 30 ruin and 90 min of incubation at 
37 °C, respectively (Fig. 5A). In HA-GSK-3/3-transfected cells, 
caspase-3 activity increased to 1500% and 3100% that of the 
basal activity after 30 and 90 min of incubation at 37 °C, 
respectively. Pretreatment of HA-GSK-3/3-transfected cells 
with 1.25, 2.5, and 5 mM Li for 24 h reduced the heat shock- 
induced caspase-3 activation by 13%, 25%, and 56%, respec- 
tively. These results demonstrate that overexpression of 
GSK-3/3 potentiates the activation of caspase-3 after treatment 
with heat shock and that pretreatment with lithium, a GSK-3/3 
inhibitor, attenuates this effect. 

DISCUSSION 

In marked contrast to its modest begimiing as a regulator of 
glycogen synthesis, GSK-3/3 has been found to participate in a 
remarkable number of signaling pathways, which, based on the 
findings reported here, include the ultimate decision between 
cell death and survival. Thus, cells overexpressing GSK-3/3 
succumbed much more rapidly to the apoptosis-inducing ac- 
tions of staurosporine or exposure to elevated temperature 
than did cells with a normal complement of GSK-3/3. Further- 
more, lithium, an inhibitor of GSK-3/3, counteracted the facili- 
tation of apoptosis caused by overexpression of GSK-3/3. These 
findings demonstrate that initial steps in the apoptotic signal- 
ing involving activation of caspases can be influenced by 
GSK-3/3. 

Staurosporine is one of the most commonly used agents to 
experimentally induce apoptosis, and apoptosis occurs in es- 
sentially all cell types exposed to appropriate concentrations of 
staurosporine, suggesting that it activates a cell death program 
common to all cells (38). Staurosporine previously has been 
reported to induce apoptosis in human neuroblastoma SH- 
SY5Y cells (40, 46). In these cells, 0.5 u.m staurosporine was 
reported to increase caspase-3 activity, result in PARP prote- 
olysis, and cause morphological changes indicative of apoptosis 
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Fig. 3. Effects of GSK-3/3 overex- 
pression on staurosporine-induced 
apoptosis. Cells transfected with HA- 
GSK-3fS or vector were treated with 0 (ba- 
sal), 0.1, or 0.5 jum staurosporine (SST) for 
3 h followed by measurement of caspase-3 
activity (A) or caspase-9 activity as de- 
scribed under "Experimental Procedures" 
(B). Values are expressed as a percent of 
activity in untreated vector-transfected 
cells. C, PARP proteolysis was analyzed 
by SDS-PAGE and immunoblotting for 
PARP. D, apoptosis morphology was ex- 
amined in vector- and HA-GSK-3/3-trans- 
fected cells treated with 0.1 fiM stauros- 
porine for 8 h and stained with Hoechst 
33342 as described under "Experimental 
Procedures." A representative section is 
shown at 400X magnification. E, to quan- 
titate the number of cells exhibiting ap- 
optosis, a minimum of 300 cells were 
counted per coverslip. Mean ± S.E., n = 3 
experiments; *p < 0.05, comparing vec- 
tor-transfected and HA-GSK-3/3-trans- 
fected cells treated with 0.1 jam stauros- 
porine for 8 h. 
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Fig. 4. Effect of acute and chronic lithium treatment on stau- 
rosporine-induced caspase-3 activity. A, caspase-3 activity was 
measured in untransfected SH-SY5Y cells that were pretreated with 
1.25, 2.5, and 5 mM lithium for 24 h and then treated with 0.5 /im 
staurosporine for 4h. Values shown are the percent of caspase-3 activ- 
ity in cells treated with Btaurosporine alone. Mean ± S.E., n = 3 
experiments; *p < 0.05 (ANOVA) compared with cells treated with 0.5 
/M staurosporine alone. HA-GSK-3/3-transfected cells were pretreated 
with 1.25, 2.5, and 5 mM lithium for 24 h (B) or for 7 days (chronic 
treatment) (C) and then treated with 0.1 fiM staurosporine for 3 h. 
Values shown are the percent of caspase-3 activity in HA-GSK-3/3- 
transfected cells treated with 0.1 /iM staurosporine alone. Dotted lines 
indicate maximal caspase-3 activity in vector-transfected cells treated 
with 0.1 fiM staurosporine for 3 h without lithium pretreatment. 
Mean ± S.E., n = 3 experiments, *p < 0.05 (ANOVA) compared with 
HA-GSK-3/3 transfected cells treated with 0.1 ju.M staurosporine alone. 



within a few hours of treatment (40), effects also observed in 
this investigation. Furthermore, we observed approximately a 
linear concentration-dependent activation of caspase-3 witiiin 
the range of 0.1 to 1 /am staurosporine. In cells overexpressing 
GSK-3/3, the staurosporine concentration-dependent activation 
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Fig. 5. Effects of HA-GSK-3/J transfection and acute lithium 
treatment on heat shock-induced caspase-3 activity. A, HA-GSK- 
3)3- and vector-tranBfected celk were subjected to heat shock (45 °C, 
0.5 h) (dotted line) and then transferred to a 37 °C chamber for 0.5 to 
1.5 h (solid line). Values are expressed as the percent of caspase-3 
activity in untreated vector-transfected cells. Means ± S.E., n = 3 
experiments; *p < 0.05 Student's t test comparing caspase-3 activity in 
HA-GSK-3j3-transfected cells to vector-transfected cells. B, HA-GSK- 
3/3-transfected cells were pretreated with 1.25, 2.5, and 5 mM lithium 
for 24 h, then subjected to heat shock (45 °C, 0.5 h) and then transferred 
to a 37 °C chamber for 1 h. Values are expressed as the percent of 
caBpase-3 activity in HA-GSK-3/3-transfected cells not pretreated with 
lithium. Dotted line indicates caspase-3 activity in vector-transfected 
cells not treated with lithium, subjected to heat shock (45 °C, 0.5 h), 
then transferred to a 37 °C chamber for 1 h. Means ± S.E., n = 3 
experiments; *p < 0.05 (ANOVA) comparing caspase-3 activity in lith- 
ium-pretreated cells to those not pretreated with lithium. 



of caspase-3 and of caspase-9 was shifted to the left, so greater 
activation of these caspases were achieved after treatment with 
low concentrations of staurosporine. These findings indicated 
that GSK-30 facilitated staurosporine-induced apoptosis. This 
conclusion was further confirmed by the findings of greater 
PAKP proteolysis and morphological changes denoting apop- 
totic cells in GSK-3/3-transfected cells than control cells after 
exposure to staurosporine. Furthermore, the GSK-3J3 inhibitor, 
lithium, attenuated the facilitation of staurosporine-induced 
caspase-3 activity in cells overexpressing GSK-30. Taken to- 
gether, these results demonstrate that GSK-3/3 is a facilitator 
of the apoptosis-signaling cascade induced by staurosporine. 

Our results extend those of Pap and Cooper (23), who re- 
cently presented evidence that GSK-3/3 is proapoptotic. In their 
studies, transient transfection of GSK-3/3 in PC12 cells and 
Rat-1 fibroblasts caused 60 to 70% of cells to spontaneously 
undergo apoptosis with no additional treatment within 48 h in 
a caspase-3-dependent manner. Our results differ from those of 
Pap and Cooper (23) in that a 3.5-fold overexpression of 
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GSK-3j3 alone failed to alter caspase-3 activity or cell survival, 
a difference that may be due to differential cell susceptibilities 
to the action of GSK-3j8 or to differences in the expression 
levels of GSK-3/3, which were not reported by Pap and Cooper 
(23). Regardless of this difference, both studies clearly support 
the conclusion that GSK-3/3 is an important modulator of cell 
survival. 

In addition to staurosporine-induced apoptosis, overexpres- 
sion of GSK-3(3 potentiated, and lithium treatment attenuated, 
caspase-3 activation following subjection of cells to heat shock. 
A variety of strategic responses are initiated in cells to limit the 
deleterious consequences of stressors, as modeled by heat 
shock, such as alterations in the activities of signaling protein 
kinases and induction of the expression of heat shock proteins 
(see Eef. 47 for review). In SH-SY5Y cells as well as many other 
types of cells, the responses to a 30-min period of heat shock 
(45 °C) are adequate to support survival; thus, little caspase-3 
activation was observed following heat shock in control cells in 
this study. Both activation of phosphatidylinositol 3-kinase 
(48) and inactivation of GSK-3/3 (49) have been reported to 
follow heat shock, responses that may contribute, along with 
others, to protection from heat shock. The results of the present 
study suggest that adequate inactivation of GSK-3/3 is critical 
for cell survival, as excessive GSK-3/3 resulted in a massive 
activation of caspase-3 following heat shock, whereas inhibi- 
tion of GSK-3/3 by lithium in cells overexpressing HA-GSK-3/3 
protected cells from heat shock-induced caspase-3 activation. 

The results presented here suggest two complementary con- 
clusions, that activation of GSK-3/3 facilitates apoptosis, and 
that the anti-apoptotic actions of agents that stimulate the 
phosphatidylinositol 3-kinase/Akt pathway (17) may be due in 
part to the inhibitory effect of phosphatidylinositol 3-kinase/ 
Akt signaling on GSK-3/3 activity. The mechanism by which 
decreased GSK-3/3 activity contributes to neuroprotection and 
increased GSK-3/3 activity contributes to apoptosis remains 
unknown. One possible mechanism is the regulation by 
GSK-3/3 of /3-catenin. Increased GSK-3/3 activity facilitates deg- 
radation of /3-catenin (50), and reduced /3-catenin and the as- 
sociated reduction in the activity of Tcf/Lef transcription fac- 
tors has been linked to decreased cell survival (51-53). 
Additionally, we have found that activation of the heat shock 
factor-1 transcription factor and the associated expression of 
heat shock protein-70, which is known to protect against cell 
death (54, 55), were impaired by expression of GSK-3/3 and 
restored by lithium treatment (56). However, since GSK-3/3 
affects a large number of signaling systems, further investiga- 
tion is necessary to identify those that are critical for its facili- 
tatory action on apoptosis. 

Regardless of the mechanism by which GSK-3/3 facilitates 
apoptosis, it is evident that inhibition of GSK-30 by lithium 
reduced caspase-3 activation after both staurosporine and heat 
shock treatments of GSK-3/3-transfected cells. Although lith- 
ium has been reported to affect a variety of other targets (26) 
that cannot completely be discounted as contributory, the ac- 
centuated protective effects of lithium in GSK-3/3-transfected 
cells suggests that inhibition of GSK-3/3 accounts for the pro- 
tection from apoptosis conferred by lithium. During the last few 
years several studies (reviewed in Ref. 26), especially those 
from Chuang and co-workers, have shown that lithium protects 
neurons from the deleterious effects of a wide variety of insults, 
such as ischemia (30) and activation of excitatory amino acid 
receptors (27, 57). The findings in this study raise the possibil- 
ity that these neuroprotective actions of lithium may occur at 
least in part because of its capacity to inhibit GSK-3/3. 

In summary, the results reported here demonstrate for the 



first time that modest increases in GSK-3/3 facilitate apoptosis 
in two model systems, including apoptosis induced by stauro- 
sporine and by heat shock. Furthermore, the inhibitory effect of 
lithium on GSK-3/3 and its attenuation of GSK-3|3-facilitated 
apoptosis suggest that some of the widely reported neuropro- 
tective effects of lithium may result from this action. 
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